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INSOLATION
A FACTOR IN THE NATURAL
REGENERATION OF CERTAIN CONIFERS
INTRODUCTION
BSERVATIONS and statistical studies on the natural reproduction
of woody plants indicate that shade is a controlling factor in early
survival after germination takes place. The most critical period in the life
of a tree, the time when mortality is the highest, is during its first season's
growth. Seedlings that survive the first year are freer from losses due to
adverse weather conditions, but suffer more from competition for growing
space. It has been observed that survival in coniferous seedlings during
the first season's growth is clearly correlated with the degree of shade afforded by natural cover or by lath screens and other devices erected over
the seedlings. Species with relatively small seeds, as illustrated in most
conifers, appear to require this protective cover to a much higher degree
than large-seeded species during the period of early growth. Thus, walnuts, .oaks, and hickories germinate and survive in the open where from
the beginning the soil is exposed to the full rays of the sun, while smallseeded hardwoods, on the other hand, like alder and mulberry require
some degree of shading in most localities.
As the most critical period in the life of a tree is a relatively short time
following germination, this study attempts to account for the causes of
death under natural conditions during this period, more particularly as
resulting from insufficient available moisture in the surface soil and from
high temperature at the sur/ace. Detail studies were made of the progressive drying of the topsoil from the surface downward and its coordination with the progress of root penetration, as survival necessitates a
rapidity in root penetration sufficient to keep in advance of the downward desiccation of the soil during periods of drought'. In cases when the
rapidity in downward growth of the root is insufficient to keep in advance
of surface soil desiccation, the seedlings wither and ultimately dry out
and die. This is commonly the cause of death in species that develop an
initial root system of surface roots only. On the other hand, species which

O
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from the first rapidly develop a deeply penetrating initial root system
seldom die the first season from insufficient soil moisture, even during
periods of drought.
Detail studies were made of temperatures in the surface soils from the
time of gennination until September, and records were kept of the temperatures at which the seedlings showed injury or death from the development of heat lesions on the stems at or near the surface of the soil. The
formation of heat lesions on the stem when the seedling is but a few
days old cuts off the transpiration current and causes the plant to wither
and die within a few days. If, however, the lesion is formed later, when
the stem has become more or less ligneous, death does not ensue at once.
In many cases the plants remain alive for one or more weeks or throughout the season.
It is well known that of the millions of coniferous seeds that fall to
the ground and germinate, but few produce seedlings that become established and survive the first season. A heavy coniferous seed crop does
not necessarily mean an abundant germination and survival the following season. An abundant reproduction is attained under one set of soil
and cover conditions, while with similar seedage it may be entirely wanting under another. An abundant germination often results in an extremely"
low survival.
Object of the study. The primary object in view in making and recording the investigations herein set forth was to learn to what extent the survival of white pine seedlings, during the season following germination in
the field, is inhibited by insolation and by the drying of the surface soil
and what the climatic and cover conditions are that control losses by
each. The question requiring solution is: To what extent can losses due to
insolation. and surface soil desiccation be controlled by the nature and
density of the vegetative cover?
The results obtained in the investigation on the survival of coniferous
seedlings in seedbeds and the factors controlling survival in 19 22 1. provided the incentive for this study. The importance of insolation as a
factor in the survival of coniferous seedlings in nursery practice appeared
to warrant a field study of surface temperatures under conditions encountered in natural regeneration and direct seeding. It was believed
that principles might be evolved which would be useful, not only in es1 TOUMEY J. W., and N~ETHLING, E. J.: Some effects of cover over coniferous
seedbeds in southern New England. (Yale Univ. School of Forestry, Bu!. NO.9,
J

19 2 3.)
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tablishing white pine stands both by natural regeneration and by direct
seeding, but in the regeneration of other species as well.
Historical review. More than a century ago it was observed in Europe
that beech often failed when sown on open land where the direct rays
of the sun were permitted to strike the soil surrounding the stems of the
young seedlings before they had time to become ligneous. Damage was
reduced by sowing the seed in trenches and filling in the soil about the
young stems as soon as germination took place.
The necessity of starting alder, some other small-seeded hardwood
species, and most conifers under natural or artificial cover has long been
known in Europe. Robert Douglas first undertook to grow conifers from
seed on an extensive scale in this country. In his first attempt his seedbeds were exposed to full sunlight. His early work resulted in failure, but
his later successful culture, attained by placing a cover over the beds,
thus cutting off a part of solar radiation, has been followed by all American nurserymen. Although it has been known for many years that conifers seldom can be grown successfully from seed in open seedbeds, Hartleyl was the first investigator in this country to .point out the nature of
'the damage caused by insolation. The results of Hartley's earlier investigations, published in 1916, induced him to continue his studies, and two
years later he published his second paper on the subject. 2 This paper contains a short bibliography drawn almost entirely from European sources.
I t reports on the cause of stem lesions and the formation of similar lesions
by artificial means.
Although there are numerous notes and articles in European forest
literature bearing upon injuries arising from growing coniferous seedlings in full sunlight, Mlinch 3 appears to have been the first investigator
to study carefully the subject and relate conclusively the high temperature of the surface soil to the development of lesions on the stems of the
seedlings at or near the surface. Mlinch's investigations were published
in 19 13, 19 14, and 1915. His studies show the extent to which the heat
1 HARTLEY, CARL: Non-parasitic stem lesions on seedlings. (Phytopathology,
Vol. 6, p. 308, 1916.)
2 HARTLEY, CARL: Stem lesions caused by excessive heat. (Jour. Agrl. Res., Vol.
14, No. 13, p. 598, 1918.)
3 MUNCH, E: Hitzeschaden an Waldpflanzen. (Naturw. Zeitschr. Forst. u. Landw.,
Jahrg. 1 I, Heft. 12, s. 537-562 , 1913.) Nochmals Hitzeschaden an Waldpflanzen.
(Naturw. Zeitschr. Forst. u. Landw., Jahrg. 12, Heft. 4, s. 169-188, 1914.) Beobachtungen tiber Erhitzung der Bodenoberflache im Jahr 1914. (Naturw. Zeitschr.
Forst. u. Landw., Jahrg. 13, Heft. 6"7, s. 249-260, 19 1 5.)
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of the surface soil varies with its dryness, looseness, and color. The highest surface temperature of moist soil recorded by him was 100.4° F., while
the highest temperature of similar soil when dry was 145.4° F. Where the
surface temperature of loose soil reached 140° F., that of similar, but
compact, soil was 132.7° F. Munch found that a dark litter of organic
matter collects the heat in a plane oJ considerable thickness above the
mineral soil. He attributed the lesions on young seedlings on exposed sites
as due directly to excessive heat at the soil surface, and found by incubator
tests that young coniferous seedlings were quickly killed when the temperature was raised from 129.20 to 131 ° F.
Pooll has shown that the surface temperature of the soil is modified by
aspect and by the .density and character of the vegetation present. He
found that it is greatly lowered by even a sparse vegetative cover. The
surface temperature of a fine sandy soil, without vegetation and facing
the sun in the sandhills of Nebraska, was found by him to be 145° F.,
while at the same hour the surface temperature of similar exposed soil
on a north slope was 91.5° F.
Korstian and Fetherolf2 made a careful study of the effect of insolation
on the survival of coniferous stock in transplant beds. at the cottonwood
nursery in Utah in 1916 and 19 I 7. They show that thrifty two- and threeyear old seedlings of Engelmann spruce and Norway spruce, grown in
shaded seedbeds, when transplanted to open nursery rows often tum
yellow and die. A careful study of the site conditions revealed the high
temperature of the topsoil as the cause of the injury. Transplant beds
with the plants set inclined slightly to the south, so that the tops would
shade the stem at the soil's surface during the hottest part of the day,
gave a much higher survival than similar beds with the plants set sloping
to the north, thus exposing the stems at the soil's surface to full sunlight
during the hottest part of the day. The plants set sloping to the north
showed a large percentage affected with heat lesions or stem girdle soon
after transplanting. Beds in which the plants sloped to the north showed
a loss of 32.8 per cent greater than adjacent beds where the plants sloped
to the south. The lesions on the transplants were at or just above or below the soil surface and began on the south side of the stem, but often
1 POOL, R. J.: A study of the vegetation of the sandhills of Nebraska. (Minn.
Bot. Studies, Vol. 4, pp. 185-3 12 , 19 1 4.)
2 KORSTIAN, C. F., and FETHEROLF, N. J.: Control of stem girdle of spruce
transplants caused by excessive heat. (Phytopathology, Vol. 2, No. 12, 192 I.)
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in time they extended entirely around, thus girdling the tree and ultimately causing its death.
Tourney and Neethling1 in a study of the effect of insolation on the
survival of coniferous seedlings in open seedbeds at New Haven; Conn.,
show that the surface temperature when above 122 0 F. becomes hazardous
for the survival of young coniferous seedlings. Lesions are likely to form
on the stems at or near the soil surface, and the plants soon wither and
die. The authors found that with most conifers investigated the rapidity
of juvenile root penetration is such that the young plants in open seed...
beds are in contact with available moisture even during periods of considerable drought. They found that the losses in open seedbeds were
chiefly due to the fonnation of heat lesions, with the exception of very
shallow-rooted species like hemlock which seldom reach a root penetration of more than one inch in a period of thirty days after germination.
Hemlock and similar shallow-rooted species in open seedbeds were killed
by heat lesions and also by inadequate soil moisture in the upper stratum
of soil which contained the roots. On the other hand, longleaf, white, an~
other pines quickly developed deeply penetrating tap roots which reached
into soil strata containing available moisture during even the driest
periods of the growing season.
Heretofore, most studies on the effect of insolation on the survival of
tree seedlings immediately following germination have been confined to
nursery investigations. Few studies have been made to determine to what
extent this factor accounts for losses under natural conditions. Bates2 has
recently emphasized the importance of insolation as affecting natural regeneration in Colorado. He shows that high surface soil temperatures of
southerly facing slopes, as contrasted with northerly facing slopes, account for the zonal distribution of the important forest trees and the
equally marked differences between the vegetative associations of opposing slopes at the same elevations. His conclusion is that insolation, with
the resulting high temperature and rapid desiccation of the surface soil,
controls the survival of yellow pine and Douglas fir seedlings and explains the differences in survival on north and south slopes and also the
1 TOUMEY, ]. W., and NEETHLING, E. ].: Some effects of cover over coniferous
seedbeds in southern New England. (Yale Univ. School of Forestry, B~l. NO.9,

19 2

2

3. )

BATES, C. G.: The transect of a mountain valley. (Ecology, Vol. IV, p. 54,

19 1 3.)
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better survival of yellow pine in the open, due to its deeper and more
rapidly penetrating juvenile root system.
Factors controlling early survival. The survival of tree seedlings over
the critical period of juvenile growth is determined by many factors. In
general it may be said that the most hazardous period is shortly after
germination when the young plants are taking root. Their environment
must supply light, moisture, air, and heat both in intensity and duration adequate to support the plants' vital processes and to stimulate
growth. The factors which determine survival may be classified under the
following three heads: (a) climatic, (b) physiographic, (c) biotic.
The climatic factors relate to adverse weather conditions which are ac.c ompanied by more or less marked physiological disturbances in the activities of the seedlings. The plants sometimes turn brown and die in
whole or in part without definite lesions or symptoms to indicate the
cause. Such condition is known as blight. l At other times there are wellmarked lesions or other characteristics which indicate the cause of injury, as is the case with heat lesions, sun scorch, winterkilling, and frost
damage.
Physiographic factors which determine survival chiefly relate to soil
conditions in whole or in part. Soil moisture is a factor of great importance in early survival, as the rapidity of downward growth of the juvenile
root must keep in advance of the downward drying of the surface soil
during periods of drought. Aspect and soil cover are important indirect
factors as they have marked influence on both soil moisture and soil
temperature.
Biotic factors which determine early survival relate chiefly to injurious
insects and parasitic fungi, although birds, rodents, and other forms of
animal life may be determining factors. 2
Most physiographic conditions adverse to seedling survival are controlled by weather conditions. Thus, high temperature of exposed surface soil and insufficient surface soil moisture are correlated with air
temperature and precipitation.
1 HARTLEY,

Bul. 44,

C.: The blights of coniferous nursery stock. (U. S. Dept. of Agr.

3.)
2 TOUMEY, J. W.: Seeding and planting in the practice of forestry. (p. 34 8 , 19 16 .)
19 1
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SCOPE AND PLAN OF THE INVESTIGATION
General considerations. This investigation embodies three essential
parts:
(a). Surface soil temperatures on sites in the open and in openings of
various sizes in the forest.
(b). The progressive downward desiccation of the soil during periods
of drought on sites in the oPen and in openings of various sizes in a high
forest.
(c). The rapidity and duration of root penetration following germination, and the position of the roots in reference to available soil moisture
during the drier periods of the summer.
From the assembled data on surface soil temperature, available soil moisture, and rapidity and depth of root penetration, conclusions have been
drawn on the relative effects of insolation and drought in accounting for
the great losses which often follow the germination of white pine and
other conifers in the field.
Period covered by the investigation. The investigations herein set forth
were conducted on the demonstration and research forest at Keene, New
Hampshire. They were begun in May, 1.923, by scattering seed of the
three species of conifers investigated on several sites and were continued
throughout the summer. After the seedlings germinated in late June and
early July, detailed records of surface soil temperature, surface soil mois~
ture, and the progress of root penetration were obtained. The seeds were
raked in on each site as sown and were protected by a light covering of
brush until germination started, after which·the brush was removed and
the seedlings were exposed. Special effort was taken to have the seedlings
under as ~early as possible the same conditions as they would be under
were they from self-sown seed on bare ground in the open or in openings
in a high forest. Due to the poor seed crop in the autumn of 1922, reliance could not be placed on finding adequate seedlings from self-sown
seed, growing under a sufficiently wide range of conditions to meet the
requirements of the investigation, hence the necessity for artificial seeding.
Species investigated. The seedlings studied were chiefly w~ite pine, although for comparative purposes studies also were made on the seedlings
of hemlock and white spruce. Eight sites were selected in May, exhibiting
a sufficiently wide range of conditions to meet the requirements of the
study. An additional site was selected in early July, sown with white pine,
and watered and protected until germination started some ten days later.
II
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Table III shows the mechanical characteristics of samples of soil from
each area, the organic matter, and the wilting coefficient. The samples
were collected by Neethling in August, care being taken to secure average samples from the six inches of topsoil in each area. The samples re. served for mechanical analysis were separated into coarse gravel and fine
earth by passing over a 2 mm. sieve, and the fine earth was later separated
into its component fractions. No attempt was made to separate the silt
from the clay. The clay content in all samples was very low. The amount
of coarse gravel (over 2 mm. in diameter) was variable in the different
samples, varying from 2 per cent in Area 8 to 21 per cent in Area 5. The
coarse gravel content of the topsoil of the nine areas was as follows: Area
I, 13 per cent; Area 2,5 per cent; Area 3, 4 per cent; Area 4,19 per cent;
Area 5, 21 per cent; Area 6, 6 per cent; Area 7, 8 per cent; Area 8, 2 per
cent; and Area 9, 5 per cent. Table III shows the percentage of each fraction represented in the fine earth and provides the basis for the soil
classification.
Soil temperatures at depths of one and two feet. Table IV shows the
variations in soil temperature at depths of one and two feet below the
surface from August 5 to September 1 as compared with air temperature.
The air temperature was taken in the instrument shelter and the soil
temperature with standard solI thermometers established on a fully exposed site in Area 1. Readings were taken three times each day, namely,
at 8 A.M., 12 M., and 4 P.M.

DESCRIPTION OF THE AREAS
HE following relates to the nine areas on which detailed data on
surface temperature, surface moisture, depth of juvenile root penetration, and plant survival were obtained. In all cases the surface vegetation was cleared away before the seed was broadcasted. All areas were
covered with brush during the period of germination. The brush was removed as soon as the seedlings began to appear on the surface. Areas I
to 3 inclusive and Area 9 are in openings of various sizes enclosed by
stands of timber. Areas 4 to 8 inclusive are in open country formerly
under cultivation but planted with red pine in 1916~
Area I. This area is located in an opening approximately one acre in
extent, in an irregular stand of white pine up to forty years of age. The
ground cover is chiefly grass and other herbaceous plants. The opening was

T

16

Fig. I. Area I, showing the ground cover and surrounding vegetation. The
darker color of the soil in the further end of the fenced-in area · resulted from the
artificial application of water. rrhe stake marks the position of one of the soil
thermometers.

Fig. 3· Area 2, showing the character of the surrounding forest vegetation and
the herbaceous vegetation on and adjacent to the area.

Fig. 6. Area 3, showing the character of the surrounding forest vegetation and
the scanty vegetation on the area itself.

Fig. 9. Area 4, shmving the character of the abundant herbaceous vegetation
surrounding the area and the scanty vegetation on the area itself.

Fig. I I. Area 7, showing the herbaceous surface vegetation surrounding the area
and the planted pine; also the scanty vegetation on the area. There is no surrounding vegetation large enough to cast shade on the area.

Fig. 12. Area 8, showing the herbaceous surface vegetation surrounding the area
and the planted pine. Adjacent vegetation is not sufficiently large to cast shade on
the area. The figure shows half the area unweeded and the remainder free from
surface \Tegetation. Surface temperatures were recorded in both the weeded and
unweeded portions.

Fig. 13. Area 9, showing the surrounding vegetation and the brush cover erected
over one-half the area.

Fig. 15. Area I I, sho\ving the character of the litter and the scattered surface
vegetation 'w here there was abundant reproduction of two-year old 'white pine, due
to the effect of the shade and litter in lowering surface soil temperature.
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A comparison of the wilting coefficients of the surface soils in the several areas with the physical water content in the first, second, third, and
fourth inch depths during this most critical period shows that there was
some available moisture in the surface soil of all the areas, with the exception of the unweeded part of Area 8, for seedlings whose roots penetrated to a greater depth than 2 inches. By referring to Table VIII on
root penetration we find that on July 12 all the seedlings, with the exception of hemlock in Area 2, had a root penetration greater than 3·5
inches. In hemlock it was b~t 2 inches. Areas I and 2 had ample soil
moisture even in the first inch to permit survival. All other areas had less
water in the surface inch than the wilting coefficient, and as a consequence
all seedlings with roots confined to this layer must necessarily wither and
die. Areas 5 and 8 had less water in the second inch than the wilting coefficient, ' All other areas had available moisture at this depth. All seedlings with roots not reaching below the upper two inches of soil were completely dried up on Areas 5 and 8. Those with less than average root
penetration were destroyed from deficiency in available moisture on Areas
3, 6, and 7.
By referring to Table X of injuries and losses on the several areas it
is observed that on July 12 and 14 on Area 8 (spruce) there were losses
of 48 per cent and 22 per cent, respectively, directly traceable to insufficient available soil moisture. On the same dates the losses on the other
areas from the same cause were almost negligible, because even in this dry
period there was some available moisture in the soil layers reached by the
roots. The large losses on all areas at this time, when the topsoil was very
dry and the air temperature high, were caused, as will be shown later, by
heat lesions induced by the high temperature at the soil surface. It appears that the chief losses at all times over which the investigation extended cannot be directly traced to insufficient available soil moisture in
contact with the roots.
A second period of continued hot weather occurred from August I to
August 7, inclusive, when air temperatures reached a maximum of 94° F.
The heavy rain (1.79 inches) which fell on the last days of July made it
much less critical for seedling survival than the period already discussed,
While air temperature during this period was high, surface soil temperature was not excessive, due to the moisture in the topsoil. At no time during this period did the moisture content of the upper inch of topsoil of any
of the areas fall below the wilting coefficient. The moisture in the second
and third inches during this period did not fall below 12 per cent on any

29
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of the areas still under observation. The -table of root penetration (VIII)
shows that at this time the pine roots had reached a depth of 5 inches or
more, and the white spruce a depth of 3.9 inches or more. Area 9, which
was seeded in July, was not investigated from the standpoint of surface
soil moisture until August 9. On that date and on two later dates in the
same month there was considerable moisture in each inch of the three
inches of topsoil in excess of the wilting coefficient.
It appears from Table VI that during the period over which data were
secured on Area No. 10, the grass-covered area, there was less moisture
in the upper three inches of topsoil, with the exception of the upper inch,
than on the near-by Area 7 which was denuded. There was a heavy rain (1.79 inches) in late July. At the beginning of
this rain the topsoil under the litter in the opening on Area 12 was much
drier than under the litter in the stocked stand. After the rain the reverse was true. There was less moisture under the litter in the stand, due
to the canopy withholding a considerable part of the precipitation from
the ground and the effect of the litter in not permitting the water to
pass through. The moisture in the upper inch not only averaged less when
the litter was removed, but it showed much greater fluctuation. Furthermore, the fluctuations were greater in ~he opening than in the stocked
stand. In general it appears that both the litter and canopy affected surface soil moisture by preventing much of the precipitation from reaching
the mineral soil. On the other hand, the precipitation which reached the
mineral soil was prevented from as rapid evaporation loss as in the cas~s
when the canopy or litter or both were absent.

ROOT PENETRATION DATA

T

HE great variation in the rapidity of root penetration in the different species, as illustrated in white pine and hemlock, indicates
that pine seedlings will find available moisture on a site when there will
be no available moisture for hemlock. Table VIII shows the rapidity of
root penetration in ,the three species and the average depth attained in
definite periods of time. In collecting the data, seedlings were lifted from
the soil and their average depth of root penetration was measured. Great
care was taken to remove the most deeply penetrating roots in their entirety. A sufficiently large number of seedlings was removed of each ageclass to give an average value. The table shows the rate of root pene31
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tration of each species over a definite period of time. As no species genninates uniformly, there were seedlings on each area with unequal root
penetration, due to variation in age. In general the larger part of the
germination took place within a period of seven to ten days, and it was
from these plants, so far as could be recognized, that root measurements
were made. It is to be noted that for the same species the root penetration
on the different areas kept remarkably close together.
A nalysis of root penetration data: The analysis of Table VIII shows
. that hemlock attained a root penetration of but 2.4 inches by August 18
and but 1.5 inches during the dry period of early July on Area 2, and
1.4 inches on Area 6. By referring to Table V it will be seen that even
with this shallow root penetration there was no lack of available moisture
in the soil layer in contact with the roots. On July 1 I, however, there was
no available moisture on Area 6 in the surface inch of soil and very little
in the second inch. All the hemlock on this area died between July II and
17, the date of the next moisture determination. The inference is that the
complete loss of seedlings on this area between the above dates was due
to soil desiccation below the point of available moisture in the zone occupied by the roots.
The spruce on Areas 7 and 8 had reached a root penetration of from
2.9 to 3.5 inches on July 9 and from 2.7 to 4.1 inches by July 21. At no
time during the entire season did the moisture below the surface inch on
Area 7 fall so low that there was no available water for the seedlings.
On the other hand, on the two parts of Area 8 the soil water fell below
the wilting coefficient in the second inch of soil on July II and in the
unweeded part of the area even in the third inch. All the spruce on Area 8
had died shortly after July 23, when the last moisture determinations were
made. The spruce on Area 7 during the driest periods of the season had
some available moisture in the second inch of soil and considerable more
in the third and fourth inches. Some spruce survived in this area throughout the season, and the large losses which did occur cannot be ascribed
to insufficient water in the layer of soil which contained the roots.
The white pine on Areas I, 3, 4, and 5 had a root penetration of from
3.3 to 3.5 "inches on July 9 and 4.7 to 5.5 inches on July 21. On only one
of these areas (No.5) did the soil moisture fall below 3.8 per cent in
the second inch, while in none of the others did it fall below 7.4 percent.
The lowest recorded moisture content in the third inch was 7.6 per cent.
This was recorded on Area 5 on July 9. On none of the other of these
four pine areas did it fall below 13.2 per cent. It appears, therefore, that
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the loss of white pine from these four areas cannot be directly assigned
to inadequate moisture in the layers of soil reached by the roots.

SOIL TEMPERATURE DATA
URRENT thermometers, with a curve in the tube about % inch
from the bulb, were used in these studies in order that when the
instruments were placed flat on the ground the curve would brilJ.g the
bulbs just beneath the surface (Fig. 14). In some cases ordinary current
thermometers were used, but when so used they were laid horizontally in
small furrows with the bulbs just beneath the surface. In no case were the
bulbs exposed to direct sunlight, and in all cases ~hey were under exactly
similar conditions as to depth of soil covering.
The instruments were read hourly on all days when it appeared from
weather conditions that the surface temperatures would be sufficiently high
to cause damage to the seedlings. Six readings usually were taken daily
from 10 A.M. to 4 P.M.
Table IX records the hours between which the readings were taken and
the readings from the instruments, both in the surface soil and in the instrument shelter. It should be noted that the observations were not continuous over the entire two months. Thus, observations on Areas I to 8
inclusive began on July 7, but terminated on Area 6 on July 20, on Area
8 on July 21, on Area 3 on August 5, on Areas 4, 5, and 7 on August 18,
on Area 2 on August 24, and on Area 1 on September I. Area 9 was not
established until August, and the first data were recorded on August 9,
when the seedlings first began to appear above the ground. Observations
were continued on this area until September I.
Area 1 was divided into two parts beginning with July I I, and the topsoil on one was kept continuously moist until August 8, while the other
received only the moisture derived from precipitation. Area 8 was also divided into two parts, one of which was kept clear of weeds, while the other
was not.
Areas 2, 3, and 4 were shaded in part as noted in the description of the
areas earlier in this report. The diagrams accompanying the descriptions
show the proportion of each area shaded and the position of the shade on
the areas at the time when the readings were taken. The position of the instruments is also noted on the diagrams. An examination of Table IX
shows that on the above three plots the temperatures recorded on one area
at a given hour were much lower than on the others. This is due to the

C
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were taken from these two areas until September I. Surface soil temperatures were recorded from each area, both under the litter ,a nd with
the litter removed. The table shows the marked effect of continuous
canopy in lowering surface temperatures, and the even greater effect of
litter.
Fig. 15 shows the nature of the herbaceous ground cover and the litter
under the stocked stand of pine in which Area 1 I was established. Twoyear old white pine seedlings shown near the pencil in the center of the
photograph were abundant over the entire area. Their ,presence is accounted for by the effect of the litter in reducing the daily maximum temperatures in the surface soil and in increasing surface soil moisture during
periods of drought.
Analysis of soil temperat.ure data. An analysis of Table IX shows that
the temperature of the surface soil on Areas 1 to 8 inclusive exceeded
122° F. at times and reached a maximum of 152° F. on Area 4 on July
13. Area 9 was not established until August. The highest temperature recorded on the open half after observations began on August 9 was 117° F.
on August 17 and on the brush-covered half, 79.6° F. on the same date.
The highest recorded temperature on Area No. la, the grass-covered area
established in early July, was 122° F. on July I I. The highest surface
soil temperature on Area I I, established under a stocked stand of pine on
July 23, was 71.5° F. on August 5 under the litter, and 92° F. on August
10 with the litter removed. The highest recorded surface soil temperature
on Area 12, established on July 23 in a small opening in the forest, was
99° F. on August 6 under the litter, and 126.5° F. on August 16 with the
litter removed.
'
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EXPLANATION OF FIGURE 16
( I) Maximum air temperatures on the driest and hottest days during July and
August, 1923.
(Ia) Maximum soil temperature recorded at the depth of
foot in three daily
readings during August.
( Ib) Maximum soil temperature recorded at the depth of 2 feet in three daily
readings during August.
(2a) Maximum surface soil temperatures on the same days on Area I.
(2b) Maximum surface soil temperatures on the same days on the portion of
Area I when the surface soil was kept continuously moist.
(3) Maximum surface soil temperatures on the same days on Area 2.
(4) Maximum surface soil temperatures on the same days on Area 3.
(5) Maximum surface soil temperatures on the same days on Area 4.
(6) Maximum surface soil temperatures on the same days on Area 5.
(7) Maximum surface soil temperatures on the same days on Area 6.
(8) Maximum surfa~e soil temperatures on the same days on Area 7.
(9) Maximum surface soil temperatures on the same days on Area 8 (weeded).
(9a) Maximum surface soil temperatures on the same days on Area 8 (unweeded).
(10) Maximum surface soil temperatures on the same days on Area 9 (unshaded).
(loa) Maximum surface soil temperatures on the same days on Area 9 (half
shade).
( I I) Maximum surface soil temperatures on the same days on Area 10 (open,
grass-covered) .
( 12) Maximum surface soil temperatures on the same days on Area I 1 (stocked
stand, under litter).
(I 2a) · Maximum surface soil temperatures on the same days on Area I I (stocked
stand, litter removed).
( 13) Maximum surface soil temperatures on the same days on Area 12 (opening
in stand, under litter).
(I3 a ) Maximum surface soil temperature on the same days on Area 12 (opening
in stand, litterremovedf
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of dead seedlings and injured seedlings per average square foot in each
area. .When a ·distinct lesion was evident on the seedling at or near the
surface of the ground, it was classed as injured or dead from insolation.
In general, the injury and death of seedlings on all the areas on which
seed was sown were due to two causes, namely, insolation and overdryness
in the soil layer containing the roots. Due to the shallow, juvenile root
system of white spruce and hemlock there were large losses on Areas 6, 7,
and 8 from the latter cause.
A seedling that begins to suffer from the lack of available soil moisture
first shows it in wilting. It soon withers and dies, but still stands upright
in the soil. A seedling that begins to suffer from insolation first shows evidence of injury by the appearance of a light-colored lesion on the stem at
or near the surface of the ground. Lesions appear on seedlings of various
ages, but their first appearance is usually on the south or west side of the
stem, and young seedlings are more subj ect to them than older ones. In
its first stage the lesion is always plainly visible, the seedling maintaining
its erect position and appearing healthy. The tissues above and below the
lesion are normal and sound and the line of demarcation between the lesion and the sound ·tissue above and below is pronounced. Transpiration
still goes on and there is no evidence as yet of injury above the lesion. In
a variable length of time the injury enters the second stage, and if the
seedling is young it bends over to the ground. The tissues of the young
stem dry out at the point of origin of the lesion and can no longer support
the seedling in an erect position. It now passes into the third stage, when
the lesion rapidly increases in size, gradually cutting off the. transpiration
current. The stem becomes shrunken in appearance, the leaves turn yellow, and the plant dies. If the seedlings are several weeks old before the
lesion appears, the stems are sufficiently ligneous to support them in erect
position even after d~ath takes place. Lesions occur on plants whose roots
are in contact with abun~ant available soil moisture provided the surface
soil is dry and hot. They may appear in young coniferous seedlings whenever the temperature of the topsoil exceeds 122 0 F.
Miinch, in 19 1 3, attributed the lesions on coniferous seedlings as due
directly to heat at the soil surface. In his study on surface soil temperatures where damage was taking place, he recorded temperatures of 140 0 F.
He found by incubator tests, in which coniferous seedlings survived for
two or three hours at temperatures not exceeding 126.5 0 F., that they
were quickly killed when the temperature was raised from 129. 20 to 13 10
F. Although ultramaximal temperatures, beyond which the death of
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succulent tissue ensues, vary between considerable limits depending on
the species, the stage of development, and external conditions, a temperature of from 122 0 to 131 0 F. is often fatal for young, tender plants.
Table X shows the percentage of seedlings showing lesions on each of
Areas I to 9 inclusive on frequent dates in July and August.
Due to the distribution of germination over a considerable period of
time, particularly with the white pine, new seedlings occasionally appeared between successive counts. So also some of those that died disappeared. No attempt was made to record the total germination and total
losses for the season on the nine areas. The counts made on each date recorded the actual number of seedlings found and their condition. A frame
one foot on a side was laid on the area, and the plants within were
counted. The results of several counts formed the basis for arriving at the
average for the area. As no record was made of the plants added to the
plot between successive counts ,by germination and those that disappeared
through death and removal, the counts on a given plot on a given date
cannot be correlated with earlier or later counts. The counts on a given
date showing the actual number of seedlings, both injured and uninjured, present per square foot, form the basis for the percentages given in
Table X.
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EXPLANATION OF TABLE X
a The only seedlings which remained alive on this area on August 18 were on the
portion watered between July I I and August 8. The soil moisture data in a previous
table indicates that the beneficial effect of watering was due to materially reducing
maximum surface soil temperatures. On the unwatered portion 89 per cent of the
seedlings were killed or severely injured as early as August 3 by the high temperature
of the surface soil.
b The surface soil temperature in Area 2 did not exceed 100 0 F. after July 14·
Furthermore, by consulting the previous table showing available soil moisture it will
be seen that the minimum moisture even in the upper inch was 9.2 per cent on
July 23; later it did not fall below 17.5 per cent. The upper inch of soil was
at no time sufficiently dry to cause the death of the seedlings by desiccation.
The injury from heat lesions occurred almost entirely before July 18 when the sur~
face soil temperature at times reached 136° F. The affected seedlings remained alive
for an indefinite period and were counted at later intervals, a variable number dying
and disappearing between successive counts. The hemlock is particularly sensitive
to high -s urface temperatures, and even in this small opening in a high forest the only
seedlings that remained alive on the entire area on September I were five in one
corner that were shaded a large part of the day.
c Area 3, although an opening in a young stand, was so located in reference to the
surrounding trees that portions of it received from three to four hours of continuous
sunlight on clear days. As a consequence, surface temperatures were as high at
times as on open, exposed sites. Although the soil moisture below the surface inch
was adequate for survival, the high surface temperatures by July 26 had caused
lesions on every seedling on the area and had accounted for the death of 73 per cent.
d Area 4, in an open, planted field with scattered birch and aspen, showed no
losses directly traceable to soil desiccation in the soil strata containing the roots of
the seedlings. At times, however, the upper inch of soil was extremely dry and was
continuously exposed to sunlight from two to four hours on clear days. Surface soil
temperatures often exceeded 122° F. and reached a maximum of 152° F. On
August 5 every seedling had a heat lesion and 75 per cent were dead.
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EXPLANATION OF TABLE X (cont.)
e Areas 5 to 8 inclusive were all essentially under the same conditions of soil and
exposure. They were all unshaded except in a portion of Area 8 where weeds were
permitted to develop which afforded some shade for the seedlings beneath. The
0
0
surface soil temperature often was above 1.22 F., and at times approached 150 F.
By August 18 every seedling on Area 5 showed lesions and had died. Area 6 failed
to show adequate germination to make further study worth while. Area 'I showed
considerable losses from inadequate available moisture in the soil strata containing
the roots, due to the shallow initial root system of white spruce, although greater
losses were due to heat lesions than to soil desiccation, no plants remained alive on
August 18. Area 8 showed some differences in survival on the weeded as compared
with the unweeded part. Lesions appeared earlier on the weeded part, but by July 18
all plants on the unweeded part had been destroyed either through lesion inj ury or
by inadequate available soil moisture, and all but 8 per cent of those on the weeded
part.
f Area 9 had an unusually full germination and survival, due to the late sowing
of the seed and the delay of germination until August, when the weather was cooler
and the precipitation heavier than in the previous month. There was no loss in the
half of the area shaded by brush, and but one seedling in the open half showed a
well-marked lesion due to heat.
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slight discoloration of the stem. It changed from a bright green to a dull
grayish green. Hartley suggests that this darkening is due to the filling of
the intercellular spaces with cell sap. The dull grayish-green color gradually changes and the lesion becomes light, hence the name "white spot"
which is sometimes applied. The progressively lighter color results from
the gradual withdrawal of water from the affected tissue and its n~place
ment by air.
The following experiments were undertaken to determine the lowest
surface soil temperatures, continued for from one to two hours, under
which lesions form on white and red pine seedlings from two to twenty
days old. The seedlings were grown in echard pans in the greenhouse and
later transferred to the laboratory for experimental purposes. The soil in
the pans was kept moist until immediately before the tests were made,
when air-dry soil, to a depth of one-half of an inch, was spread over the
surface of each pan. Each pan in turn was placed in the window in full
sunlight and the heat from solar radiation was reinforced by heat from
an electric heater, placed some two feet above the pan. A series of wire
screens was interposed between the seedlings and the heater which controlled the temperature of the topsoil in the pan to within IOta 2 0 F. A
standard thermometer was placed in the pan in a horizontal position with
the bulb depressed one-half its diameter below the soil surface. That part
of the bulb above the surface was completely covered with soiL Thermocouples were also arranged with the point within two or three inches from
the bulb of the thermometer and just below the surface. After the instruments were set up and the heater and screens adjusted, the heat was applied and the temperature of the air two inches above the pan and the
temperature of the surface soil as recorded by both the thermocouples and
the thermometer were kept under continuous observation. The different
pans were subjected to different degrees of heat for variable lengths of
time.
The e~ect of the heat on the seedlings in each pan was carefully noted.
The pans were slowly warmed for one-half hour before temperature records were taken.
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The above data indicate that a sustained temperature in the surface
soil of 121 0 to 1230 F. is sufficiently high to cause typical heat lesions on
. young white and red pine seedlings and that the lesions rapidly increase
with increase in temperature. A surface soil temperature of 135 0 to 142 0
F., sustained for thirty minutes, caused lesions to appear on every red
pine seedling in pan No.2, while approximately the same temperatures for
the same length of time caused lesions to form on nearly 80 per cent of
the white pine seedlings in pan No.6. The surface soil in pan No. 7 was
subjected to a 'temperature of 144 0 to 15°.5 0 F. for one hour. Of the nine
seedlings in the pan, five, from two to five days old and with the seed-coats
still attached to the cotyledons, showed well-developed lesions in from fifteen to thirty minutes. Three somewhat larger and older seedlings, in
from thirty to forty-five minutes, and the remaining seedling, which was
much larger and older than the others, in forty-five to sixty minutes. At
the end of the hour none of the seedlings were unaffected.
The comparison of the readings of surface soil temperatures taken with
thermocouples and with the standard thermometer shows great uniformity.
For the first fifteen to thirty minutes of a test the temperature from the
thermometer is much below that from the thermocouples. After the
thermometer bulb is heated to the temperature of the soil there is little
difference in the readings from the two instruments. It appears, therefore, that a standard thermometer placed horizontally with the lower half
of the bulb below the surface and the upper half covered with a thin
layer of soil gives essentially the same readings as obtained from thermocouples, and can be safely employed in the investigation of surface soil
temperatures.
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DESCRIPTION OF PLATE I
NOTE: The horizontal unbroken lines in Plate I represent the surface of the soil,
and the broken lines parallel to them and below represent the line of division between root and shoot.

A. A hemlock seedling taken from Area 2 on July 7. The conspicuous lesion at M
above the surface of the soil.
B. A hemlock seedling taken from Area 2 on July 13. The lesion at M is much
smaller than in A and is entirely below the surface of the soil.
C, D, E, and F. \Vhite spruce seedlings with conspicuous lesions. Taken from Area
7 on July 5, 7, 9, and 14·
G, H, I, J, K, and L. White pine seedlings showing early stages of lesion injury.
G, H, I, and J were taken from Area I; K, from Area 4; and L, from Area 9.
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DESCRIPTION OF PLATE II
NOTE: The horizontal unbroken lines in Plate II represent the surface of the soil,
and the broken lines parallel to them and below represent the line of division between root and shoot.

N. A white pine seedling from Area 9 showing a conspicuous lesion. This seedling
did not germinate until August 8, after which the highest topsoil temperature
0
recorded was I 17 F. on August 17. It is believed that the stone lying against the
side of the seedling was heated to a higher temperature than the soil particles.
This was the only lesion found in Area 9 where germination took place after
August 8, when the surface soil temperature was much lower than in July.
O. A white pine seedling from Area 4 in a more advanced stage of lesion injury.
The seedling is bent over at M, the point of injury, although the tissue above and
below the lesion is still sound and wilting has not begun.
P. A white pine seedling from Area 4 in a more advanced stage of lesion injury.
The first injury is shown at M and the later injury of the same nature at R. The
seedling is bent to the ground, the transpiration has been greatly reduced, and
wilting has set in .
Q. A white pine seedling from Area 4 in the last stage of lesion injury. The shoot
is completely dried out.
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